Introduction
============

Pancreatic cancer is the twelfth most common cancer and the seventh leading cause of cancer-related deaths in the world \[[@b1-usg-17048]\]. Although surgery is a potentially curative option for pancreatic cancer, only 15%-20% of patients are suitable for surgical resection due to the late presentation of the disease \[[@b2-usg-17048]\]. Therefore, many patients with advanced-stage pancreatic cancer undergo alternative treatments, such as systemic chemotherapy or concurrent chemoradiotherapy \[[@b3-usg-17048],[@b4-usg-17048]\]. Although the survival rates have improved over the decades, the 5-year survival rate is still less than 8% \[[@b5-usg-17048]\]. Therefore, attempts should be made to enhance treatment outcomes in pancreatic cancer patients who cannot be treated surgically.

High-intensity focused ultrasound (HIFU) is a minimally invasive technology in which high-intensity acoustic energy from an extracorporeal source can be focused in the body without introducing a device into the body. HIFU ablation has been used to treat a wide variety of both benign and malignant tumors that are accessible by ultrasound (US) energy \[[@b6-usg-17048]\]. Moreover, HIFU offers an additional treatment opportunity for patients without any other available options \[[@b7-usg-17048]\].

HIFU ablation is performed under imaging guidance. According to the guidance modality, HIFU machines can be divided into magnetic resonance-guided HIFU (MRg-HIFU) and ultrasonography-guided HIFU (USg-HIFU). MRg-HIFU allows the temperature of the targeted tissue to be monitored, which is helpful for ensuring targeting safety and monitoring the treatment response during HIFU treatment. This function is considered one of the advantages of MRg-HIFU compared to USg-HIFU. However, USg-HIFU can provide real-time imaging during treatment, which is critical for the treatment of moving organs such as the pancreas.

A new portable USg-HIFU unit (ALPIUS 900, Alpinion Medical Systems, Seoul, Korea) was recently introduced; this unit provides a targeted forecasting function that displays where the US beams are focused by insonating short pulses before HIFU treatment. This function helps enhance the targeting safety and treatment monitoring to some extent, similar to temperature monitoring in MRg-HIFU \[[@b8-usg-17048]-[@b10-usg-17048]\]. Real-time imaging with this USg-HIFU unit involves high imaging frame rates, and the interleaved image display helps ensure that the targeting focus is within the boundary of moving intra-abdominal organs such as the pancreas, liver, and kidneys. In addition, this device has a flexible positioning arm and a small treatment head, which could provide much more spatial flexibility in treatment planning, especially for intra-abdominal organs. Most commercialized HIFU devices are large and immobile, which hinders their use in a small space and prevents HIFU from being applied broadly \[[@b11-usg-17048],[@b12-usg-17048]\]. However, this novel device has small dimensions (1.8 m long, 1.2 m wide, and 1.6 m high), and the presence of four wheels under the main body enables it to be moved. A previous study showed that this system was safe and accurate for the ablation of fixed soft tissue, but it was not evaluated for mobile organs such as the pancreas \[[@b13-usg-17048]\].

Previous preclinical studies have shown that USg-HIFU is safe and feasible for use in treating pancreatic lesions \[[@b14-usg-17048],[@b15-usg-17048]\], and early clinical studies have demonstrated that HIFU alone could palliate cancer-related pain in patients with unresectable pancreatic cancer \[[@b16-usg-17048],[@b17-usg-17048]\]. Furthermore, the combined use of chemotherapy and HIFU may be beneficial \[[@b7-usg-17048],[@b18-usg-17048]\].

Therefore, the aim of this study was to evaluate the safety and feasibility of this new portable USg-HIFU system for treating the pancreas in a swine model.

Materials and Methods
=====================

Animals
-------

This study was approved by our Institutional Animal Care and Use Committee. All experiments were conducted in accordance with the institutional guidelines. Eight male domestic pigs weighing 50-60 kg were used in our study.

The pigs were not fed for 12 hours before HIFU treatment to decrease the extent to which bowel gas limited the visualization of the pancreas on US. Each animal was sedated with an intramuscular injection of zolazepam (5 mg/kg, Zoletil, Virbac, Carroscedex, France) and xylazine (10 mg/kg, Rompun, Bayer-Schering Pharma, Berlin, Germany), and the animals were then intubated and ventilated during the procedures. Anesthesia was maintained by the inhalation of 1%-3% isoflurane in pure oxygen gas. To facilitate US propagation through the skin, the pigs underwent shaving and subsequent waxing of their abdomens just before treatment. During the entire HIFU procedure, each animal's vital signs, including the pulse rate, electrocardiogram, and temperature, were carefully monitored.

HIFU Treatment
--------------

The new portable USg-HIFU system (ALPIUS 900, Alpinion Medical Systems) was used in our study ([Fig. 1](#f1-usg-17048){ref-type="fig"}). It has a flexible positioning arm and a treatment head that is usually incorporated into HIFU devices for thyroid and breast lesions \[[@b19-usg-17048],[@b20-usg-17048]\]. The treatment head contains both a HIFU treatment transducer and an imaging transducer. It is easily adjusted by hand, provides sufficient spatial flexibility in treatment planning, and creates better sonic windows into the pancreas. This system has a phased-array 256-channel transducer (radius of curvature, 9 cm; aperture size, 15 cm) that can perform volumetric ablation without repositioning the transducer, and it has a steering range of 40 mm along the direction of US propagation and 24 mm along the direction perpendicular to the US propagation through the electronic steering of the focal spots. The focal size of the transducer has a width of 1.5 mm and an axial length of 8 mm, with a center frequency of 1 MHz at -6 dB. During ablation, the transducer can be cooled by the water circulation module placed anterior to the transducer using degassed water at 9°C-15°C.

For treatment planning and monitoring, a 3.5-MHz ultrasonography transducer is located at the center of the HIFU transducer. The image transducer can rotate within the HIFU transducer without repositioning and provide 3-dimensional (3D) volumetric data for ablation planning.

The splenic lobe of the pancreas was targeted for HIFU in all pigs. After confirming that the HIFU beams were focused properly within the pancreas before HIFU insonation was started, using the targeted forecasting function described above, 9 points were allocated, with 1 point placed at the center and 8 points placed 3 mm away from the center. Ablation was then started with electronic steering. During HIFU insonation, whether hyperechoic areas were produced within the pancreas was verified on real-time US imaging ([Fig. 2](#f2-usg-17048){ref-type="fig"}).

The first two pigs were used in a preliminary study to check the feasibility of HIFU treatment for the pancreas. They were allocated to group A. The first and second pigs were treated with an acoustic intensity of 1.7 kW/cm^2^ and 1.5 kW/cm^2^ , respectively. The remaining six pigs were randomly allocated into group B or group C and treated using an acoustic intensity of 1.5 kW/cm^2^ or 1.2 kW/cm^2^ , respectively. The other HIFU parameters that were used are shown in [Table 1](#t1-usg-17048){ref-type="table"}. HIFU intensities lower than 3 kW/cm^2^ were used in previous studies without general anesthesia or hospitalization \[[@b17-usg-17048],[@b18-usg-17048],[@b21-usg-17048]\], and in a previous clinical study using acoustic intensities of 1-2 kW/cm^2^ for the treatment of pancreatic cancer, there were no major complications related to the HIFU treatment \[[@b18-usg-17048]\]. Therefore, three acoustic intensities (1.2 kW/cm^2^ , 1.5 kW/cm^2^ , and 1.7 kW/cm^2^ ) between 1 kW/cm^2^ and 2 kW/cm^2^ were chosen for this study to evaluate the safety and feasibility of HIFU treatment using this new machine, in a setting similar to that used in a previous clinical study.

Follow-up and Analysis
----------------------

The presence of skin burns and abdominal muscle damage was evaluated immediately after the HIFU procedure. Status observations for activities, dietary intake, and the presence of vomiting, diarrhea, or irritability were conducted daily for all animals in groups B and C as indirect indicators of the presence of unintentional injuries. Blood was sampled prior to and 7 days after the HIFU procedure in groups B and C. Serum amylase and lipase levels were checked as biochemical evidence of pancreatitis.

To evaluate the targeting accuracy, ablation size, and the presence of any unintentional injuries before sacrifice, magnetic resonance imaging (MRI) was performed immediately after HIFU treatment in group A or 7 days after HIFU treatment in groups B and C using an Ingenia 3.0-T MRI unit (Phillips Healthcare, Best, the Netherlands) and a body surface coil. T2-weighted fat-suppressed images (slice thickness of 3 mm with a 3-mm gap) and T1-weighted, fat-suppressed, dynamic contrast-enhanced images (slice thickness of 3 mm with a 3-mm gap) in the unenhanced arterial phase (15-second delay) and the portal venous phase (90-second delay) were acquired on axial planes. Gadopentetate dimeglumine (Magnevist, Bayer Healthcare) at 0.1 mmol/kg was injected intravenously, followed by a saline flush.

To determine the targeting accuracy of the HIFU treatment, the splenic lobe of the pancreas was investigated to evaluate the presence of a poorly enhanced focal lesion in the portal phase, which represented coagulation necrosis. Ablation size was calculated under the assumption of an ellipse. The presence of injury to the abdominal organs, the abdominal wall, and vertebral bodies was also evaluated.

Before the MRI study, the pigs were given 15 mg/kg of zolazepam hydrochloride (Zoletil, Virbac, Carros, France) and 5 mg/kg of xylazine (Rumpun, Bayer Korea, Ansan, Korea) intramuscularly for deep sedative anesthesia. Additional anesthetic agents were administered intravenously as needed.

All animals were euthanized just after the MRI study. During necropsy, a thorough gross examination was performed, and the presence of unintended injuries at the skin, abdominal wall, mesentery, or bowel walls was recorded. The pancreas was then resected. The pancreas was fixed in 40 g/L of formaldehyde solution, embedded in paraffin, and stained with hematoxylin and eosin for light microscopy.

Statistics
----------

Due to the small sample, nonparametric statistics were used. For the ablation size, the Kruskal-Wallis H test was used, and for paired data such as amylase and lipase levels, the Wilcoxon signed-rank test was used. P-values \<0.05 were considered to indicate significant differences.

Results
=======

Treatment Monitoring, Gross Examination, Status Observations, and Biochemical Analysis
--------------------------------------------------------------------------------------

An adequate sonic window for the splenic lobe was obtained, and HIFU treatment was successfully administered to all pigs. The mean thickness of the pancreas was 1.16 cm (range, 0.92 to 1.53 cm). All pigs tolerated the HIFU treatment, and their vital signs were stable during the procedure. After treatment, no skin burns or abdominal wall injuries were observed on gross examination.

No significant abnormalities were observed on daily status observations in groups B and C. The mean serum lipase levels on day 0 and day 7 were 7.7±2.3 U/L and 6.8±2.3 U/L, respectively, and the mean serum amylase levels on day 0 and day 7 were 29.9±9.3 U/L and 31.7±6.8 U/L, respectively. No significant interval changes were observed in the serum lipase and amylase levels between days 0 and 7 (P\>0.05, both).

MRI Findings
------------

Focal areas of poor enhancement on the portal phase of T1-weighted images, representing coagulation necrosis, were created exclusively within the pancreas in all pigs, except for one case. In one pig (pig 3) in group B, a pseudocyst (18.7 mm×17.7 mm on the axial plane) developed within the pancreas without evidence of adjacent organ injury. Excluding the case with pseudocyst formation, the mean ablation areas were 85.3±38.1 mm^2^ , 90.7±21.2 mm^2^ , and 54.4±30.6 mm^2^ in groups A, B, and C, respectively ([Table 2](#t2-usg-17048){ref-type="table"}, [Fig. 2](#f2-usg-17048){ref-type="fig"}), and these areas were not significantly different (P\>0.05).

There was no evidence of unintentional injury to the abdominal organs, the abdominal wall, the skin, or the vertebral body on MRI in any animal.

Histology
---------

Coagulation necrosis without structural damage was identified in all pancreas samples. No inflammatory cell infiltration was observed in or around the treated area in the pathologic specimens. An apparent boundary was noted between the normal and targeted tissues in all study groups ([Fig. 3](#f3-usg-17048){ref-type="fig"}). Although fat necrosis was noted in the surrounding pancreatic parenchyma in all swine, architectural distortions were not noted. In groups A and B, the treated areas showed homogeneous coagulation necrosis, but in two pigs in group C, patchy viable portions were noted in the ablation areas ([Fig. 4](#f4-usg-17048){ref-type="fig"}). In the specimen from pig 1 (group A, using 1.7 kW/cm^2^ ), coagulation necrosis was induced in the subcapsular area of the pancreas, but no significant adjacent organ injury was observed ([Fig. 5](#f5-usg-17048){ref-type="fig"}).

Discussion
==========

Our study showed that HIFU treatment of the pancreas using a new portable USg-HIFU machine was feasible and safe. Although previous studies have already demonstrated that USg-HIFU treatment for pancreatic cancer is feasible, none of the HIFU systems that have been used to treat the pancreas are portable, and they all require a large amount of space due to their size. In addition, due to the large size of the head unit and the large aperture of the treatment transducer, properly placing the head unit on the abdomen and avoiding the rib cage during treatment can be difficult. Furthermore, poor or no support from high-quality real-time imaging during treatment could make the treatment more complex and lead to inaccurate targeting. These drawbacks hinder the use of HIFU to treat the pancreas \[[@b14-usg-17048],[@b15-usg-17048],[@b18-usg-17048],[@b21-usg-17048]-[@b23-usg-17048]\]. The new portable HIFU machine used in our study had a smaller head unit, with a transducer that had a small aperture, and was easily placed on the abdomen with minimal interference from the rib cage. In addition, intra-procedure real-time imaging with the help of the interleaved image display function and the electronic steering function, which enabled 2D or 3D ablation without moving the head unit, enhanced the accuracy of targeting and provided assurance to the operator.

Three different acoustic intensities were used in our study. To show the feasibility of ablating the pancreas, a relatively high intensity of 1.7 kW/cm^2^ and a longer exposure duration of 8 seconds were used in the first pig (pig 1). Coagulation necrosis was achieved in the anterior subcapsular portion of the pancreas, but not exclusively within the pancreas. The parenchymal thickness was thinnest in the first pig, which could have contributed to this result. However, no significant adjacent organ injury was observed. Other possible causes may have included focusing HIFU anterior to the center of the pancreatic parenchyma, the greater acoustic intensity, and the longer ablation time. To generate an ablation lesion surrounded by normal pancreatic parenchyma, the treatment parameters were modulated. The delivered energy was reduced to an acoustic intensity of 1.5 kW/cm^2^ and a shorter exposure duration of 7 seconds was used in the second pig (pig 2), and the targeting focus was placed slightly deeper than the center of the pancreatic parenchyma. Coagulation necrosis was then generated in the pancreas.

In a pig in group B, a pseudocyst developed in the pancreas. However, no abnormalities were found in the daily status observations, and no injuries were noted on gross examination or the MRI study. The levels of amylase and lipase did not significantly increase (29.9 U/L and 8 U/L on day 0 and 32.1 U/L and 4 U/L on day 7, respectively). Therefore, despite the formation of a pseudocyst, this lesion was considered asymptomatic and safe enough to wait for spontaneous resolution. Hwang et al. \[[@b14-usg-17048]\] reported stomach and small bowel injuries as complications, and Xie et al. \[[@b15-usg-17048]\] reported skin burns and transient fatigue as minor complications. Although a direct comparison with the complications observed in other preclinical studies using other HIFU machines was difficult due to the different experimental settings, there were no significant complications in our study. Based on the results obtained for group A, an acoustic intensity of 1.5 kW/cm^2^ was used in group B, and to check the effect of lower acoustic intensities, a lower acoustic intensity of 1.2 kW/cm^2^ was applied in group C. There were no complications in any pigs. The area of coagulation necrosis was smaller in group C, but this difference was not statistically significant. The specimens from two pigs in group C showed patchy viable areas in the treated areas. In a previous *in vivo* study using an acoustic energy of 750 J, a similar energy level to group C in our study, an ablation area was not observed in some cases \[[@b14-usg-17048]\]. Therefore, some remaining viable area may have been present due to the use of inadequate energy to ablate the pancreatic tissue. In our study, HIFU treatment was performed without breath-holding or respiratory gating, so the targeted area could move during the treatment. Therefore, the energy delivered to the pancreatic parenchyma must be dispersed along the cranial and caudal directions. This may be a reason why viable tissue remained within the ablation territory. Although patchy viable areas were noted in the ablated lesions on pathologic specimens, the ablated areas on MRI were observed as hypovascular lesions, indistinguishable from the other ablated lesions showing homogeneous coagulation necrosis.

Recently, several studies have shown that the concurrent use of HIFU and chemotherapy increased the therapeutic effects of HIFU \[[@b18-usg-17048],[@b21-usg-17048],[@b24-usg-17048]\]. Kim et al. \[[@b25-usg-17048]\] reported that the concurrent use of gemcitabine and HIFU using 10% of the acoustic power used in routine HIFU for tissue ablation was more effective for tumor control than was the concurrent use of HIFU with high power. Yu et al. \[[@b26-usg-17048]\] found that the additional use of microbubbles enhanced the therapeutic effects of gemcitabine with low-acoustic-power HIFU. Therefore, a focused beam with a lower intensity than was used in this study can augment the effects of chemotherapy and may decrease the risk of complications.

Our study had a few limitations. First, a small number of animals and a narrow range of experimental conditions were used in our study. Therefore, differences or complications among the groups may have been obscured. Further studies with more animals and more diverse experimental conditions should be conducted. Second, we evaluated the safety of the procedure with a relatively short ablation time (79 or 88 seconds), which is much shorter than the usual treatment time in clinical studies. To ablate an entire tumor at an advanced stage, the treatment time may be increased to as long as several hours \[[@b16-usg-17048],[@b18-usg-17048],[@b22-usg-17048]\], but the risk of complications may increase. Third, the tissue composition of normal pancreatic parenchyma is different from that of cancerous tissue. Thus, the ablation response may be different when HIFU is used to treat cancer \[[@b14-usg-17048]\]. Finally, although this HIFU device has the potential to enhance the accuracy of lesion targeting and to provide additional assurance to the operators due to the spatial flexibility of the treatment head, and to decrease the total procedure time through 3D electronic steering, we did not compare those factors with other devices. Further studies should be performed to evaluate those potential benefits.

In conclusion, pancreatic ablation using a new, portable USgHIFU system was safe and feasible in a swine model. Coagulation necrosis of the pancreas was successfully achieved with various acoustic intensities.
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![Photographs of the portable ultrasonography-guided high intensity focused ultrasound (HIFU) system.\
A. An overview of the HIFU system (ALPIUS 900) used in this study is shown. B. The treatment head is easily adjusted by hand.](usg-17048f1){#f1-usg-17048}

![An ablated area on ultrasonography and magnetic resonance imaging (MRI).\
A. Ultrasonography shows a swine pancreas with 1.37 cm thickness. B. Ultrasonography shows a hyperechoic change in the targeted area (arrow). C. T1-weighted MRI of the portal phase shows a poorly enhanced focal lesion in the targeted area (arrow).](usg-17048f2){#f2-usg-17048}

![Specimen of the pancreas with hematoxylin and eosin staining (×40).\
A clear demarcation between the normal and target tissues is seen (dotted line).](usg-17048f3){#f3-usg-17048}

![Specimens of the pancreas with hematoxylin and eosin staining.\
A, B. Specimens from groups A and B show homogeneous coagulation necrosis (circle) (×12.5). C. A specimen from group C shows patchy viable portions (circle) (×12.5). D. A specimen from group C shows patchy viable portions (arrows) (×100).](usg-17048f4){#f4-usg-17048}

![Specimen of the pancreas in pig 1 (group A) (×12.5).\
A coagulation necrosis (pale pinkish area) is seen in the subcapsular region.](usg-17048f5){#f5-usg-17048}

###### 

Treatment parameters

  Group   Pig   Acoustic intensity in situ (kW/cm^2^)   Acoustic power (W)   Exposure duration per point (sec)   No. of ablation points   Inter-point time (sec)   Duty cycle (%)   Pulse repetition frequency (Hz)   AWT (mm)   DSF (mm)   DPF (mm)   Acoustic energy *in situ* (J)
  ------- ----- --------------------------------------- -------------------- ----------------------------------- ------------------------ ------------------------ ---------------- --------------------------------- ---------- ---------- ---------- -------------------------------
  A       1     1.7                                     320                  8                                   9                        2                        80               10                                27.8       64.2       80.5       2,048
          2     1.5                                     285                  7                                   9                        2                        80               10                                25.3       43.8       64.9       1,596
  B       3     1.5                                     238                  7                                   9                        2                        80               10                                23.3       56.8       75.1       1,332
          4     1.5                                     199                  7                                   9                        2                        80               10                                21.3       44.3       70         1,114
          5     1.5                                     277                  7                                   9                        2                        80               10                                21.9       51.7       65.1       1,552
  C       6     1.2                                     155                  7                                   9                        2                        80               10                                17.3       37.8       65.1       866
          7     1.2                                     137                  7                                   9                        2                        80               10                                22.7       31.5       66         769
          8     1.2                                     176                  7                                   9                        2                        80               10                                24         40.2       65.3       898

AWT, abdominal wall thickness; DSF, distance between the skin surface and focus; DPF, distance between the probe surface and focus.

###### 

Area of the treated lesions on magnetic resonance imaging in each pig

  Group   Pig   Dx (mm)   Dy (mm)   Area (mm^2^)
  ------- ----- --------- --------- --------------
  A       1     12        6.2       58.4
          2     14.9      9.6       112.3
  B       3     N/A       N/A       N/A
          4     12.2      7.9       75.7
          5     13.6      9.9       105.7
  C       6     13.9      8.1       88.4
          7     7.7       4.8       29.0
          8     7.9       7.4       45.9

Dx, transverse diameter of the lesion in the axial plane; Dy, vertical diameter of the lesion in the axial plane; N/A, no measurable area due to pseudocyst formation.
